Scaling Law for Three-body Collisions in Identical Fermions with
  $p$-wave Interactions by Yoshida, Jun et al.
ar
X
iv
:1
70
9.
04
16
0v
2 
 [c
on
d-
ma
t.q
ua
nt-
ga
s] 
 19
 M
ar 
20
18
Scaling Law for Three-Body Collisions in Identical Fermions with p-Wave Interactions
Jun Yoshida1,2,∗ Taketo Saito1,2, Muhammad Waseem1,2, Keita Hattori1,2, and Takashi Mukaiyama3
1Department of Engineering Science, University of Electro-Communications, Tokyo 182-8585, Japan
2Institute for Laser Science, University of Electro-Communications, Chofugaoka, Chofu, Tokyo 182-8585, Japan
3Graduate School of Engineering Science, Osaka University, Machikaneyama, Toyonaka, Osaka 560-8531, Japan
(Dated: March 20, 2018)
We experimentally confirmed the threshold behavior and scattering length scaling law of the
three-body loss coefficients in an ultracold spin-polarized gas of 6Li atoms near a p-wave Feshbach
resonance. We measured the three-body loss coefficients as functions of temperature and scattering
volume, and found that the threshold law and the scattering length scaling law hold in limited
temperature and magnetic field regions. We also found that the breakdown of the scaling laws is
due to the emergence of the effective-range term. This work is an important first step toward full
understanding of the loss of identical fermions with p-wave interactions.
Three-body collisions, which sometimes appear to
present the largest obstacle in achieving exotic many-
body quantum states in ultracold atoms [1–3], provide a
key signature of three-body correlation. The ability to
tune interatomic interactions using Feshbach resonances
has contributed significantly toward clarifying the rela-
tion between the three-body collisional properties and
scattering length of a system of ultracold atoms with s-
wave interactions. It has been theoretically proposed and
experimentally confirmed that in identical bosons with
large s-wave scattering lengths, the three-body loss coef-
ficient L3 depends on the scattering length as as L3 ∝ as
4
in a large scattering length regime [4–12]. This scaling
behavior of L3 has provided the baseline characteristic
of three-body losses to mark out the three-body Efimov
resonances [13] and four-body resonances [14] in a system
of identical bosons.
As the three-body physics has been clarified in s-wave
interacting systems, attention has now turned to the
three-body collisional properties arising from enhanced
p-wave interactions [15–17, 31]. The p-wave interactions
can be described by the low-energy expansion of the p-
wave scattering amplitude fp(k) with an effective range
expansion [32]:
fp(k) =
1
kcotδp − ik
, kcotδp =
1
VBk2
+ ke. (1)
Here, δp, VB, ke, and k are the p-wave scattering phase
shift, scattering volume, second coefficient of the effec-
tive range expansion, and wave number, respectively. VB
has the form of a resonance, VB = Vbg
(
1 + ∆BB−Bres
)
≃
Vbg∆B
B−Bres
. Here, Vbg, ∆B, and Bres are the background
scattering volume, resonance width, and resonance mag-
netic field, respectively, which were experimentally deter-
mined previously [22]. In p-wave interacting systems, the
k dependence of the scattering amplitude becomes more
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significant than that in s-wave interacting systems due
to the larger contribution of the effective range term.
At the low-k limit, three-body collisions of indistin-
guishable fermions with p-wave interactions obey the
threshold law of L3 ∝ E
2, where E is the collision en-
ergy [16]. In addition, dimensional analysis assuming the
threshold law, indicates that L3 ∝ VB
8/3 at relatively
small VB [17]. This scaling law is true only when the
contribution from the effective range is negligible; how-
ever, the parameter range in which the scaling behavior
actually applies is unclear. Since the first observation of
the p-wave Feshbach resonance, the atomic losses have
been studied extensively [18–20], the scattering param-
eters have been determined [21, 22], p-wave molecules
have been created [23–26], and the p-wave contacts have
been determined [27]. Although the three-body collision
coefficients have been systematically studied, the scaling
behavior has eluded experimental confirmation to date.
This is presumably because, in order to satisfy the re-
quirement that the effective range is negligible, the scal-
ing behavior appears only in far-detuned regimes from
the p-wave Feshbach resonance, such as the limited scat-
tering volume regime [17], where the atomic lifetime due
to the three-body loss is similar to a one-body atomic
lifetime.
In this study, we measured the three-body loss coeffi-
cients as functions of temperature and magnetic field in
an ultracold spin-polarized gas of 6Li atoms near a p-wave
Feshbach resonance. We experimentally confirmed the
threshold behavior of L3 ∝ E
2 and the scattering length
scaling of the three-body loss coefficient, L3 ∝ |VB |
8/3.
We focused on the large-detuning magnetic field regime,
where the scaling law is expected to hold. We also worked
at the low-temperature regime, where the threshold be-
havior still holds; however, the 6Li atoms were main-
tained at a temperature above the Fermi temperature,
and therefore, a Gaussian spatial density profile for the
atomic cloud could be assumed. One advantage of us-
ing 6Li as opposed to 40K is that the atomic loss in 6Li is
caused only by three-body losses, unlike the case for 40K,
because the lowest spin state of 6Li is not a stretched
state; therefore, we can work with the Feshbach reso-
2nances in the lowest-energy state, where dipolar losses
do not occur [23, 28].
A gas of 6Li atoms was prepared by an all-optical
means as described in [22]. We trapped two-component
fermionic atoms of 6Li in the |1〉 ≡ |F = 1/2,mF = 1/2〉
and |2〉 ≡ |F = 1/2,mF = −1/2〉 states, and performed
evaporative cooling at a magnetic field of 300 G. The gas
was cooled to approximately T/TF ≃ 1, where T is the
temperature of the 6Li atoms, and TF is the Fermi tem-
perature. We limited our experiment to gases with tem-
peratures of T/TF ≃ 1 to ensure that the atomic density
profile could be described well by a Gaussian function.
After the evaporative cooling, we irradiated the atoms
in the |2〉 state with resonant light to remove them from
the trap, in order to prepare a spin-polarized Fermi gas
of atoms in the |1〉 state. The magnetic field was then
scanned quickly below the p-wave Feshbach resonance for
atoms in the |1〉 state, which are located at a magnetic
field of 159 G. Next, the magnetic field was altered to the
value at which the loss of the atoms was measured. We
calculated the number of atoms remaining after various
holding times to obtain the decay curve of the atoms in
particular magnetic fields. In our experiment, we limited
the loss of atoms to less than 30% of the initial num-
ber of atoms to suppress the effect of deformation of the
momentum distribution.
The decay of the number of atoms is described by the
rate equation for the atomic density as
N˙/N = −L3(T,B)〈n
2〉, (2)
where 〈n2〉, N , and L3(T,B) is mean square density, total
atom number, and trap-averaged three-body loss coeffi-
cient as a function of the temperature T and magnetic
field B, respectively. L3(T,B) can be described by av-
eraging L3(E,B) over the collision energy E assuming a
Maxwell–Boltzmann distribution as [17, 29]
L3(T,B) =
1
2(kBT )3
∫
L3(E,B)E
2e−E/kBTdE. (3)
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FIG. 1: Typical atomic decay plot. Each data point is the av-
erage of three measurements. The solid curve shows the result
of fitting with Eq. 2, and the dashed line indicates exponential
decay.
L3(T,B) was measured by fitting the decay curve to Eq.
2. The accuracy of L3(T,B) is fairly affected by the ac-
curacy of the atom number counting in the absorption
imaging. However, we have confirmed that the system-
atic uncertainty of the atom number counting does not
affect the observation of scaling behavior [30]. Our exper-
imental setup had an atomic trap lifetime of 100 s, which
was determined by background gas collisions. There-
fore, we limited our measurements to the three-body loss
rate, which is at least twice as fast as the one-body loss
rate. The decay curve was measured three times for each
experimental condition; one decay curve comprised 40
shots with various holding times. A typical atomic de-
cay plot is shown in Fig. 1. The solid curve indicates
the result of fitting with Eq. 2 to obtain L3. The dashed
line indicates the exponential decay of N = N0e
−Γt with
Γ = L3×〈n
2〉t=0. It is clearly seen that the atomic decay
curve follows the non-exponential decay behavior set by
Eq. 2, due to the three-body loss processes, which are
proportional to the mean square density.
Fig. 2 shows a double logarithmic plot of the three-
body loss coefficients L3 as a function of the atomic tem-
perature at magnetic fields detuned by 0.22 G (red cir-
cles) and 0.45 G (brown rhombi) toward the Bardeen–
Cooper-Schrieffer (BCS) side of the resonance, which
correspond to scattering volumes of (−232 a0)
3 and
(−183 a0)
3, respectively, where a0 is the Bohr radius. L3
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FIG. 2: Three-body loss coefficients vs. temperature at two
different magnetic field detunings. The red circles and brown
rhombi indicate the data at magnetic field detunings of 0.22
and 0.45 G, respectively. The error bars indicate the sta-
tistical error arising from the statistical errors in the num-
ber of atoms (15 %) and the temperature (5 %). The black
dotted horizontal lines indicate the point where the three-
body loss rate is twice as fast as the one-body loss rate.
The black dashed vertical lines show the quadratic depen-
dence of L3 on the temperature, which is consistent with the
threshold behavior predicted by Esry et al. [16]. The red and
brown dashed vertical lines indicate the temperature at which
kekT
2VB = 0.095 for the data shown in each color.
3increases gradually in the low-temperature region and
rises rapidly above a certain temperature. According
to the threshold behavior predicted by Esry et al. [16],
the three-body loss coefficient has a quadratic depen-
dence on the collision energy. Because our measure-
ments are limited to the temperature region in which the
Maxwell–Boltzmann distribution applies, the thermal av-
eraged L3 exhibits a threshold behavior of L3 ∝ T
2.
The black dashed vertical lines in Fig. 2 show the fit-
ting results for L3 ∝ T
2 with a prefactor as a free
parameter in the low-temperature region. L3 shows a
quadratic dependence, as expected from the threshold
behavior. In the high-temperature region, L3 deviates
from the threshold behavior quite rapidly. The red and
brown dashed vertical lines indicate the temperature at
which kekT
2VB = 0.095 for the data shown in each color.
Here, kT is the mean wave number of atoms, which is
defined as kT =
√
3mkBT/2~2. The dimensionless quan-
tity kekT
2VB is the ratio of the second term to the first
term in the second equation in Eq. (1) and indicates the
contribution of the effective range term to the collisional
phase shift. The temperature dependence of L3 shows
that the threshold law breaks down at the same value of
kekT
2VB at two different magnetic field detunings. This
fact indicates that the effective range term plays an im-
portant role in the breakdown of the threshold law.
Next, we discuss the magnetic field dependence of the
three-body loss coefficient. Fig. 3 shows L3 vs. the mag-
10-38
10-37
10-36
L 3
 
[m
6 s
-
1 ]
2x10-1 3 4 5 6
B-Bres [G]
FIG. 3: Three-body loss coefficients vs. magnetic field detun-
ing for three temperatures. The green circles, blue triangles,
and purple squares show the data at 2.7, 3.9, and 5.7 µK, re-
spectively. The error bars indicate the statistical error arising
from the statistical errors in the number of atoms (15 %) and
the temperature (5 %). The black dotted horizontal lines indi-
cate the point where the three-body loss rate is twice as fast as
the one-body loss rate. The black dashed vertical lines show
the V
8/3
B dependence of L3, as predicted by Suno et al. [17].
The green, blue, and purple dashed vertical lines indicate the
magnetic field detuning points at which kekT
2VB = 0.095 for
the data shown in each color.
netic field detuning B − Bres for measurements at tem-
peratures of 2.7 µK (green circles), 3.9 µK (blue trian-
gles), and 5.7 µK (purple squares). Here, the magnetic
field is tuned from a detuning of 0.15 G to a detuning of
0.6 G toward the BCS side of the resonance, which corre-
sponds to tuning the scattering volume from (−263 a0)
3
to (−166 a0)
3. From the large detuning to the small
detuning, L3 increases gradually, and it rises rapidly at
certain magnetic field detunings; this behavior is simi-
lar to the temperature dependence of L3 (as shown in
Fig. 2). From the dimensional analysis taking into ac-
count the threshold behavior, L3 is expected to vary with
the p-wave scattering volume as L3 ∝ VB
8/3 [17], assum-
ing that the effective range contribution is negligible. In
Fig. 3, the black dashed lines show the results of fitting
the VB
8/3 dependence in a relatively large detuning re-
gion for the three datasets. The experimental results
are clearly consistent with the scattering length scaling
law of L3 ∝ VB
8/3 in certain magnetic field detuning re-
gions. L3 deviates rapidly in the region relatively close
to the Feshbach resonance. The green, blue, and purple
dashed vertical lines indicate the magnetic field detuning
points at which kekT
2VB = 0.095 for the data shown in
each color. Notably, the three sets of data deviate from
the scattering length scaling behavior at the points cor-
responding to kekT
2VB = 0.095, which share the same
critical value with the temperature dependence. This
fact seems to suggest that the effective range term again
plays an important role in the breakdown of the scatter-
ing length scaling law.
Because the three-body loss coefficient obeys the
threshold law and scattering length scaling law, L3 can
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FIG. 4: Dimensionless quantity C vs. kekT
2VB . The black
solid line indicates the constant value at which scaling behav-
ior is exhibited. The black dashed curve shows the results of
fitting with modified Eq. 4 with β = 9 and γ = 14.
4be described by
L3 = C
~
m
× kT
4V
8/3
B , (4)
where C is a dimensionless quantity whose magnitude
reflects the original strength of the three-body loss of the
Feshbach resonance under consideration, which is deter-
mined by the coupling between the closed channel and
the tightly bound dimer state. C must be constant as
long as the threshold law and scattering length scaling
law hold. In Fig. 4, the C values for all the data shown in
Figs. 2 and 3 and additional data that fall into the same
parameter region are plotted as a function of the dimen-
sionless parameter kekT
2VB. The entire data clearly col-
lapse onto a single monotonic curve starting from a con-
stant value in the smaller kekT
2VB region. The data show
that the whole scaling law holds below kekT
2VB ∼ 0.095
where C shows constant behavior and deviates at higher
kekT
2VB values.
Next, we examine the deviation of the data from the
scaling behavior observed at kekT
2VB > 0.095. If we as-
sume that the deviation is due to the contribution of the
effective range term, L3 can be described in terms of the
expansion of the small quantity kekT
2VB . Consequently,
C can be modified as C = C0{1 + (β × kekT
2VB)
γ
},
where β and γ are free parameters, and C0 = 2.0× 10
6.
The dashed curve in Fig. 4 shows the best-fit result of the
function above with β = 9 and γ = 14. This indicates
that L3 increases quite rapidly as a function of kekT
2VB.
The departure from the scaling law was theoretically
studied by Suno et al. [17]. Their calculation clearly
shows a steep increase in L3 with increasing VB , sim-
ilar to that observed in the current experiment. They
attribute the steep increase in L3 in the large VB region
to the effect of the resonant tunneling of two free collid-
ing atoms into the bound dimer state. Since kekT
2VB
quantifies how close the dimer bound state energy level
is to the average collision energy of two atoms, our find-
ing in this paper that the breakdown of the scaling law
is determined by kekT
2VB is consistent with the previous
discussion by Suno [17]. The full understanding of this
near-resonant behavior of three-body loss is an impor-
tant future challenge that needs to be investigated both
experimentally and theoretically.
In conclusion, we experimentally confirmed the thresh-
old behavior and scattering length scaling law of three-
body loss coefficients in an ultracold spin-polarized gas
of 6Li atoms near a p-wave Feshbach resonance. We
measured the three-body loss coefficients as functions of
temperature to confirm the quadratic dependence of L3
on temperature in the low-temperature region. We also
measured the scattering volume dependence of L3 to con-
firm the scattering length scaling law of L3 ∝ VB
8/3 in
the small VB region. Moreover, we experimentally con-
firmed that the scaling laws break down at kek
2VB ∼
0.095, indicating that the effective range term comes into
play in the three-body loss. After the breakdown of the
scaling laws, we observed a steep increase in the three-
body loss coefficient with kek
2VB . Further experimental
and theoretical studies are required to obtain a full un-
derstanding of L3 in the near-resonant region, where a
p-wave superfluid is expected to appear.
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